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Abstract 
The paper considers the operation of radioisotope measuring devices under dynamic conditions, when 
the Poisson pulse flux at the output of the radiation detector becomes unsteady and the nonlinearity of the 
calibration curve of the device, the stochasticity of the radiation signal and the inertia of the meter significantly 
complicate the task of estimating the measured physical parameter. of the device and analysis of the possibility 
of its application for linearization of the characteristics of the device, increasing the speed of the devices and 
solving the measuring problem in real time.
The process of nonlinear transformation of the radiation signal in the system is analyzed on the basis 
of the assumption about the exponential distribution of the intervals between the pulses of the information 
flow at the output of the radiation detector. A generalized algorithm for the synthesis of a given transformation 
function of a time-pulse computing device of a radioisotope device has been developed according to its 
mathematical description. To describe the transformation function given by a set of points, it is proposed to 
use its approximation by a power series.
The proposed calculation formulas are verified by modeling in the Scilab program on a specific example 
of linearization of the curve of a radioisotope altimeter with a given tabular calibration characteristic. 
The results obtained confirm the expediency of using time-pulse computing devices for linearizing 
the conversion curve of radioisotope devices in real time.
Carrying out calculations according to the proposed algorithms by means of modern microelectronics 
opens up new possibilities for expanding the field of application of radioisotope devices in dynamic problems 
of industrial flaw detection, measuring the parameters of object movement, thickness of rolled products 
and coatings, in devices for continuous monitoring of liquid media.
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Нелинейное времяимпульсное преобразование  
в радиоизотопных приборах: анализ и возможности 
применения
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Вологодский государственный университет, 
ул. Ленина, 15, г. Вологда 160000, Россия
Поступила 09.03.2021
Принята к печати 18.05.2021
Рассмотрена работа радиоизотопных измерительных приборов в динамических условиях, когда 
пуассоновский поток импульсов на выходе детектора излучения становится нестационарным, а не-
линейность градуировочной характеристики прибора, стохастичность радиационного сигнала и инер-
ционность измерителя существенно усложняют задачу оценки измеряемого физического параметра. 
Целью работы являлась разработка алгоритмов нелинейного времяимпульсного преобразования пу-
ассоновского процесса в структуре радиоизотопного прибора и анализ возможности его применения 
для линеаризации характеристики прибора, повышения быстродействия приборов и решения измери-
тельной задачи в режиме реального времени.
Проанализирован процесс нелинейного преобразования радиационного сигнала в системе на ос-
нове предположения об экспоненциальном распределении интервалов между импульсами информа-
ционного потока на выходе детектора излучения. Разработан обобщённый алгоритм синтеза заданной 
функции преобразования времяимпульсного вычислительного устройства радиоизотопного прибора 
по её математическому описанию. Для описания функции преобразования, заданной множеством 
точек, предлагается использовать её аппроксимацию степенным рядом. 
Предложенные расчётные формулы проверены моделированием в программе Scilab на конкрет-
ном примере линеаризации характеристики радиоизотопного высотомера с заданной таблично гра-
дуировочной характеристикой. Полученные результаты подтверждают целесообразность использова-
ния времяимпульсных вычислительных устройств для линеаризации характеристики преобразования 
радиоизотопных приборов в режиме реального времени. 
Проведение вычислений по предложенным алгоритмам средствами современной микроэлектро-
ники открывает новые возможности для расширения области применения радиоизотопных приборов 
в динамических задачах промышленной дефектоскопии, измерения параметров движения объектов, 
толщины проката и покрытий, в устройствах непрерывного контроля жидких сред.
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Introduction
In severe operating conditions, radioisotope 
measuring devices such as thickness gauges, 
altimeters, density meters, level gauges, often 
significantly outperform their competitors, 
which use different physical principles to solve 
the problem. Despite the radiation hazard and 
the complexity of operation, they still remain 
indispensable in solving numerous problems in 
the field of non-destructive testing of complex 
technological processes [1–6].
All radioisotope devices use an indirect 
measurement method. In them, the desired value 
of the measured physical parameter is determined 
based on the transformations of the radiation 
detector signal associated with the measured 
physical quantity of the nonlinear calibration 
curve. The calibration curve in such devices is 
established experimentally or theoretically based 
on the results of studies of physical processes 
in static operating modes. The output variable 
of the calibration curve is the intensity (average 
frequency) of the pulse stream formed at the output 
of the ionizing radiation detector. The latter is 
considered to be the simplest Poisson flow with 
the properties of stationarity, ordinariness, and 
absence of aftereffect.
In the existing practice of constructing 
radioisotope measuring devices [1–2, 7], the 
measurement process is reduced to assessing 
the flux intensity λ followed by calculating the 
nonlinear function of the reciprocal calibration 
curve of the sensor. The estimation of the flow 
intensity, in turn, is performed by quantizing the 
process in time and counting the number of fixed 
pulses N for the selected quantization interval T 
according to the formula λ = N / T. The quantization 
interval T is selected based on the requirements 
for the value of the statistical error of the meter. 
In accordance with the assumptions about the 
Poisson distribution of the information signal, 
the statistical error of this information processing 
process is inversely proportional to the duration 
of the quantization interval. A typical conversion 
algorithm is valid for slowly changing processes 
and is completely unsuitable for measurements 
under dynamic conditions when the measured value 
changes over time.
In dynamic modes, the operation of 
a radioisotope measuring device changes 
significantly, the flow of pulses at the detector 
output becomes unsteady, and in a typical signal 
processing process, many contradictions appear, 
leading to distortion and loss of information in the 
channel. In this case, it is necessary to consider 
not the intensity (average frequency) of the 
random flow, but its instantaneous density as the 
information parameter of the Poisson flow. The 
estimate of the flow intensity carries a dynamic error 
associated with averaging the process over time. 
Here a conflict arises between the requirements for 
minimizing the statistical and dynamic errors of 
the meter, since the dynamic measurement errors 
always increase with an increase in the quantization 
interval [8].
If we assume that the time-varying input 
variable (measurable value) has a limited 
spectrum, then, according to the Kotelnikov‒
Shannon sampling theorem [9], it can be 
absolutely accurately represented by a set of 
individual values (samples) following at equal 
intervals, provided that the repetition rate of these 
samples is at least twice the upper limit of the 
signal spectrum. Based on this position, it would 
be possible to choose the quantization interval in 
the system according to the formula T ≤ 1/2 f max , 
where f max is the maximum frequency in the 
spectrum of the useful signal.
However, the nonlinear transformation 
inherent in the calibration curve of the device 
significantly expands the spectral composition of 
the information signal towards higher harmonics, 
the problem of determining the upper limit of the 
spectrum f max becomes dependent on the type of 
nonlinearity and, for this reason, difficult to solve. 
For these reasons, the requirement to linearize 
the static characteristics of a radioisotope meter 
used to estimate the parameters of objects under 
dynamic conditions can be considered mandatory. 
The problem of linearizing the characteristics of 
radioisotope measuring systems is formulated 
similarly to the same problems in systems of other 
types – when processing a radiation signal, it is 
necessary to calculate the conversion function in 
real time, which is reciprocal to the calibration 
curve of the meter. The article proposes to solve 
this problem using the methods of pulse time 
conversion, which provides fast calculations in 
real time.
The purpose of the research was the 
development of algorithms for the nonlinear pulse-
time transformation of the Poisson process in the 
structure of a radioisotope device and the analysis of 
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the possibility of its application for linearization of 
the characteristics of the device.
Pulse-time transformation of the Poisson 
process
The maximum operating speed of a 
radioisotope meter can provide a transition from 
counting pulses at the output of a radiation detector 
to measuring time intervals t between pulses, as 
is done in computing devices that perform time-
to-pulse conversions [10]. In such calculators, all 
conversions are started at the moments when each 
new pulse appears at the output of the radiation 
detector and are performed as a function of the 
measured interval t. As a result, with further 
averaging, calculations in the function of the flux 
intensity λ can be replaced by calculations in the 
function of the average time interval τ = 1 / λ.
The time intervals t between the pulses of the 
Poisson flow are random quantities obeying the 
exponential distribution law [11]:
where p(t) is the probability of occurrence in the 
stream of pulses of the interval t; λ is the flow rate; 
τ = 1 / λ is the average value (mathematical 
expectation) of the intervals between pulses.
Pulse-time conversion of a stream implies that 
the calculation of a given nonlinear function is 
performed at the moments of occurrence of each event 
without any signal filtering. In this case, the filtering 
problem is solved after a nonlinear transformation 
and is reduced to evaluating the mathematical 
expectation of the signal at the output of the time-
pulse converter. The mathematical expectation of the 
signal at the output of the nonlinear converter F(τ) 
can be calculated by the formula: 
where f  (t) is a nonlinear function calculated by the 
time-pulse converter in each interval t.
Equations (1) and (2) give a general formula for 
calculating the conversion function of the pulse-time 
converter:
where L{f  (t)} is the Laplace transform of the 
function f  (t).
In this case, the function f  (t) acts as the original 
of the Laplace transform, and the construction of 
a time-pulse computing device is reduced to the 
search for the original f  (t) according to a given 
mathematical description of the transformation 
function F (τ). For a number of specific functions, 
this problem can be solved directly using the tables 
of Laplace transforms [12] using the shift, similarity 
theorem and damping theorems.
Practical implementation of the algorithm
Unfortunately, the physical theory of the 
interaction of radioactive radiation with matter does 
not provide sufficient solutions that would meet the 
technological requirements of modern production 
with an acceptable error. The calibration curve of a 
radioisotope device, which describes the dependence 
of the intensity of the pulse flux at the output of the 
radiation detector on the measured parameter of the 
material, is associated with complex processes of 
multiple reflection and absorption of radiation in the 
substance and, for this reason, is always nonlinear. 
A common way to describe the transformation 
function of the information processing in a 
radioisotope device is its direct experimental 
calibration, and to select a more or less adequate 
calculation model of the transformation function 
F (τ), the mathematical apparatus for approximating 
experimental data is used.
Here the most important is the problem of 
choosing a class of a suitable approximating function 
that can be implemented by means of a pulse-
time conversion takes into account the previously 
obtained equation (3). Equation (3), which contains 
the Laplace transform, is valid only for linear and 
nonlinear functions f  (t) satisfying the conditions 
for the existence of an image: for functions with 
real and zero poles, integrable on any finite positive 
interval of the t axis; taking zero values for all 
negative values of t and increasing no faster than 
the exponential function. Of the set of functions 
satisfying these conditions, the most interesting 
is the power transformation function F (τ) = τn, to 
which the original also corresponds in the form of a 
power function f  (t) = t n /n!. Therefore, the solution 
to the problem can be an approximation of the 
transformation function of the computing device 
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where the number of terms of the series K and its 
coefficients an (n = 0...N ) are determined by the given 
error and the chosen approximation method.
To implement the transformation according 
to equation (4), it is necessary to use a time-pulse 
device, which reproduces the function in the form of 
a series in each cycle of calculations:
Linearization of the characteristics of a 
radioisotope altimeter
As an example of using the proposed 
technique, let us consider the problem of 
linearizing the characteristics of a radioisotope 
altimeter, for which the dynamic mode of 
operation is relevant. The calibration curve of 
the altimeter λ(H ) is given in [13]. The meter 
operates in the range of heights H = 0.5÷9 m with 
changes in the pulse flow intensity in the range 
λ = 500÷5000 Hz (Figure 1).
Figure 1 – Calibration curve of a radioisotope altimeter
The transformation function of the computing 
device F (τ) in the form of a power series (4) of the 
third order with coefficients a0 = −2.66, a1 = +16.64, 
a2 = −9.43, a3 = 2.02 calculated on the given dataset 
using the least squares method and is shown in 
Figure 2.
The simulation of the pulse-time conversion 
process was carried out in the Scilab program [14], 
where a set of random intervals with an exponential 
distribution was generated, processed according to 
formula (5) and filtered subsequently. Figure 3 shows 
the linearized meter response obtained by averaging 
over 1000 tests.
Figure 2 – Pulse-time converter conversion function
Figure 3 – Linearized altimeter curve
The altimeter curve formed as a result of the 
research is linear, which proves the validity of the 
hypothesis about the possibility of using the pulse-
time conversion of the radiation signal to linearize 
the meter curve.
Conclusion
The results obtained confirm the possibility of 
using time-pulse functional converters to linearize 
the conversion curve of radioisotope measuring 
devices in real time. Carrying out calculations 
according to the proposed algorithms by means of 
modern microelectronics opens up new possibilities 
for expanding the field of application of radioisotope 
systems towards dynamic measurements in problems 
of industrial flaw detection, in devices for measuring 
the height, thickness of rolled products, thickness of 
coatings, in continuous liquid media monitors, etc. 
At the same time, the issues of implementing the 
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technology and controllers that are part of radioisotope 
devices and solve the problems of filtering a useful 
signal become relevant.
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